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Abstract 

If the standard model of quark interactions is supplemented by a discrete A/j^ 
symmetry (which may be relevant for the lepton sector), the spontaneous breaking of 
the electroweak gauge symmetry allows arbitrary quark masses, but all mixing angles 
are predicted to be zero. A pattern of the explicit breaking of ^4 is proposed, which 
results in a realistic charged-current mixing matrix. 



In the standard model of quark interactions, the mass matrices of the up and down 
sectors are diagonahzed separately, with unitary matrices Vu and Vd for {u, c, t) l and {d, s, h) l 
respectively. The observed charged-current mixing matrix is then given by 

VCKM = V^Vd. (1) 

There are two important issues to be understood here. (I) Why are quark masses hierarchical 
in each sector? and (II) why is Vckm almost the identity matrix? In this short note, there is 
no proposed answer to (I), but given (I), there is a possible explanation of (II) in the context 
of a recently proposed model [|[] of nearly degenerate Majorana neutrino masses, using the 
discrete symmetry A^. 

There are 4 irreducible representations of A4, i.e. 1, 1', 1", and 3, with the decomposition 

3 X 3 = 1 + 1' + 1" + 3 + 3. (2) 

In particular, 

1 = aia2 + &1&2 + C1C2, (3) 
1' = aia2 + uP'hih2 + 0OCIC2-, (4) 
1" = aia2 + ujhih2 + a;^CiC2, (5) 

where the components of 3 are denoted by (a, 6, c) and the complex number uj is the cube 
root of unity, i.e. e^'^*/^. Hence 1 + + cj^ = 0. 

Under ^4, the quarks are assumed to transform as follows. 





di)L 


~ 3, 


(6) 


UlR, 


dlR 


~ 1, 


(7) 


U2R, 


d2R 


~ r. 


(8) 


USR, 


dm 


- 1", 


(9) 



2 



in exact analogy with the left-handed lepton doublets and the right-handed charged-lepton 
singlets as proposed previously M. The same three Higgs scalar doublets 



(10) 



are also used. Consequently, the Lagrangian of this model contains the following invariant 
Yukawa terms: 

~ (11) 



where $a 
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As 0° acquire nonzero vacuum expectation values f j, the quark mass matrices are of the 
form 



III Vi h2 Vi Vi 



(15) 



I uA i.uA i.uA 2 

hi V2 UJV2 UJ V2 

T uA t.uA 2 t.uA 

h'l "^3 "-2 "^3 "-3 '^^3 

If the Higgs potential is invariant under y44, it has been shown |I| that f i = f 2 = fs = f is 
a possible solution. In that case, ^Au,d is easily diagonalized, i.e. 
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This allows quark (and charged-lepton) masses to be hierarchical, even though neutrino 
masses are degenerate Since both and Aid are diagonalized by the same unitary 
matrix, this model predicts Vckpi = 1 at this level, which is a good answer to (II). 



(16) 



3 



To obtain a realistic Vckm, the A4 symmetry must be broken. Here the simple assumption 
is to add terms in Cy of Eq. (11) which are not just 1 under A4, but also 1' and 1", such 
that 

\h'- \ « \h[\ « \hi\ (17) 

for each i. In that case, the right-hand side of Eq. (16) becomes proportional to 

h h', h'i 
h'l h2 h'., 
h[ h'^ hs 

where the superscript {u, d) has been dropped for simplicity. Note also that \hi\ « \h2\ « 
l/isl in each sector because they are proportional to (m„, mc, rrit) or (m^, m^, nib). By rotating 
QiR, the above matrix may be written as 

hi h'^ h'^ 



h2 h'^ 



(19) 



h 

to a very good approximation, because \h'(\ << |/i2| or \h'^\, and 1/^21 << l^sl- As a 
result, VcKM differs from the identity matrix by small amounts, i.e. 



h' 



h2 h % 

This explains why each is small, as well as why \Vub\ << \Vcb\- 
Consider now the 3 Higgs doublets of this model. Let 



h" 

^ V 
h?. 
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(20) 
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(21) 



then $ has the properties of its standard- model counterpart, whereas $' and $" are degen- 
erate in mass IQ. Since only $ has a nonzero vacuum expectation value, flavor-changing 
neutral currents are absent at tree level as far as $ is concerned. However, $' and $" have 
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the following predicted Yukawa interactions: 



^int = ('^{u,d)^tji+'^{t,b)^CR+'^{c,s)^UR)^' 



+ (^^(C, + ^(m, d)LCR + ^(t, $" 

\ V V V / 

mb-, r , , rris-, , m^- 



+ ^-^[c,s)J)n + ^{u,d)^SR + ^{t,h)^dR)<^" + H.C. (22) 

This shows that flavor- changing neutral currents involving only the flrst 2 families are sup- 
pressed. In fact, the most severe constraint comes from B^ — B^ mixing which occurs through 
(0')° exchange: 

^ ^ ^BRfl f ^ - A V (23) 

where Gp/V^ = 1/I2v'^ and mR j are the masses of the real and imaginary parts of (0')°. 
Using fe = 170 MeV, Br = 1.0, = 4.2 GeV, and the experimental value [| of 5.9 x 10"^^ 
for the above fraction, the condition 

{m^^ - mf)-^/^ » 4.22 TeV (24) 

is obtained. This means that tur and mj should be almost equal, if each is of order a few 
hundred GeV. 

In conclusion, it has been shown how a realistic Vckm — 1 may be obtained in the 
context of the model of nearly degenerate Majorana neutrino masses. It has speciflc 
veriflable predictions as given by Eq. (22). In particular, the model requires (0')^, (0")^ to 
have the same mass, Re(0')°, Re(0")° to have the same mass, and lm(0')'', lm(0")° to have 
the same mass. Phenomenologically, the latter two pairs should also have almost the same 
mass, assuming that each is of order a few hundred GeV. 

This work was supported in part by the U. S. Department of Energy under Grant No. DE- 
FG03-94ER40837. 
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